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We report on optical orientation of Mn2+ ions in bulk GaAs under application of weak longitudinal
magnetic fields (B ≤ 100 mT). A manganese spin polarization of 25% is directly evaluated using
spin-flip Raman scattering. The dynamical Mn2+ polarization occurs due to the s-d exchange
interaction with optically oriented conduction band electrons. Time-resolved photoluminescence
reveals a nontrivial electron spin dynamics, where the oriented Mn2+ ions tend to stabilize the
electron spin.
PACS numbers: 75.30.Hx/71.70.Gm/75.50.pp/78.30.Fs/78.47.D-
Electron spin interactions in semiconductors are in the
focus of current attention as they are of interest for var-
ious applications in electronics and quantum informa-
tion. A pathway to spin manipulation is to implement
magnetic ions in semiconductors and exploit the strong
exchange interaction between an electron (hole) and a
magnetic ion (for example Mn). A spectacular example
to that end is a quantum dot (QD) with a single Mn
ion [1, 2]. Another model realization has been achieved
for GaAs doped with Mn acceptors of low concentration,
where a photoexcited electron is localized on a residual
donor in vicinity of a Mn acceptor [3, 4]. Optical orien-
tation of manganese acceptors and their spin control are
attractive for investigation of various nontrivial scenarios
of electron spin dynamics in semiconductors, e.g. multi-
exponential spin decay or spin precession in effective ex-
change fields. Optical orientation of a single Mn2+ ion in
a II-VI QD has been recently reported [5, 6]. However,
the question whether this is feasible in III-V materials,
such as GaAs, has remained open [4].
Here we report on the direct observation of optical
spin orientation of Mn2+ ions in bulk GaAs under op-
tical illumination with circular polarized light in longi-
tudinal magnetic fields (Faraday geometry). In spin-flip
Raman scattering (SFRS) we observe spectral lines cor-
responding to spin-flip processes of the ionized Mn ac-
ceptor. The asymmetry of Stokes and anti-Stokes (SAS)
line intensities under circular polarized excitation opens
a way for direct evaluation of the manganese spin po-
larization, which can reach 25%. Time-resolved photo-
luminescence (TRPL) reveals a nontrivial electron spin
dynamics resulting from the stabilizing feedback of the
oriented manganese on the electron spin. The results of
SFRS and TRPL agree well, supporting clearly optical
manganese orientation in weak magnetic fields.
We investigate bulk GaAs doped with Mn acceptors
with a concentration of 8×1017 cm−3 [3, 4]. The accep-
tors are partially compensated by residual shallow donors
with a concentration of about ND ∼ 10
16 cm−3 [7]. This
results in ionization of the acceptors located in the vicin-
ity of donors if not illuminated by light. Detailed de-
scriptions of the experimental techniques can be found
in Ref. [8] for SFRS and in Ref. [4] for TRPL.
In order to detect manganese polarization we exploit
SFRS technique, which selectively monitors the changes
of Mn2+ spin projection by n = 1, 2..2I with Mn spin
I = 5/2. It enables to measure both the Zeeman splitting
nµBgB and the amplitudes of SAS components. Here µB
is the Bohr magneton, and g = 2 is the Mn - Lande fac-
tor. The ratio between the Stokes and anti-Stokes line
intensities, IS and IAS , respectively is given not only by
the selection rules but also by the Mn2+ spin polarization
PM . It can be shown that in Faraday geometry for cir-
cular co-polarized excitation and detection with helicity
σ and for a small manganese polarization (PM ≪ 1) the
SAS asymmetry parameter of SFRS,
ησn =
ISnσ − I
AS
nσ
ISnσ + I
AS
nσ
= −
3n
2(I + 1)
PM (σ,B), (1)
is independent on the specific Mn spin-flip mechanism.
In this case ησn directly monitors the spin polarization of
manganese. In Eq. (1) we assumed: (i) the spectral width
of the spin-flip resonance profile is larger than the Zee-
man spin splitting; (ii) Raman scattering without con-
servation of the total angular momentum of manganese
and the exciton in the intermediate state is possible.
Such transitions are allowed in presence of anisotropic
exchange interaction between the exciton and the man-
ganese 3d5 electrons, i.e. if the symmetry of the system
is reduced [9, 10].
The manganese polarization PM (B,Pe) depends not
only on the external magnetic field due to the thermal
population of the Zeeman sublevels, but also on the non-
equilibrium electron polarization Pe due to the dynami-
cal polarization of Mn spins by electrons (holes are not
oriented in bulk GaAs [11]). This process is similar to
dynamical polarization of the nuclei in semiconductors
(Overhauser effect) and has been considered for II-VI di-
luted magnetic semiconductors [12]. The dynamical po-
larization changes sign if the helicity of circular polarized
excitation, σ+ or σ−, is reversed. Therefore, it is neces-
sary to measure the two asymmetry parameters ησ
+
n and
ησ
−
n for the two polarizations.
Figure 1(a) shows SFRS spectra for the σ+/σ+ and
σ−/σ− excitation/detection polarizations in a magnetic
2field of 2 T. Two pairs of lines corresponding to transi-
tions where the angular momentum changes by n = 1, 2
are detected. Their magnetic field dependence of the
Raman shift follows the expected linear dependence,
ngµBB, with g = 2.0 [see inset in Fig. 1(a)], correspond-
ing therefore to spin-flip transitions between the Zeeman
sublevels of the Mn2+ ions, i.e. the ionized manganese
acceptors A− [13]. The magnetic field dependence of the
SAS asymmetry parameter ησn for σ
+ and σ− excitation
and n = 1, 2 is shown in Fig. 1(b). The ησn increase
with n and B, and they also depend on the helicity of
laser excitation, from which we can conclude that op-
tical orientation of manganese has been accomplished.
Using Eq. (1) we deduce the dependence of the man-
ganese polarization PM on magnetic field for σ
+ and
σ− excitation. The difference between the two polar-
izations allows us to estimate the contribution of the op-
tical orientation to the manganese polarization POO =
[PM (σ
+, B) − PM (σ
−, B)]/2 ≈ −0.25, independent of
magnetic field for B > 1 T [see Fig. 1(c)]. The other
contribution to PM , related to the thermal population of
the Zeeman sublevels PB = [PM (σ
+, B)+PM (σ
−, B)]/2,
grows with field and is comparable with POO at B ≈ 1 T.
The spin-flip resonance profile has a maximum at about
1.513 eV, which corresponds to resonant excitation of the
exciton bound to the charged donor D+X [14]. More-
over, the most intensive signals appear for pump density
around 50 W/cm2. The decrease of the spin-flip scat-
tering intensity at higher pump densities is related with
neutralization of ionized acceptors after capture of pho-
toexcited holes [3].
The resulting Mn2+ polarization in longitudinal mag-
netic field is given by a dynamical equation analogous to
the Overhauser effect [15]
dPM
dt
= −
1
TM
[
PM − PT −
I + 1
S + 1
(Pe − PeT )
]
−
1
TL
(PM − PT ). (2)
The first term on the right side describes the dynam-
ical polarization of manganese with time TM via elec-
trons with polarization Pe. The second term reflects the
spin relaxation to the equilibrium value PT = −(I +
1)µBgB/3kBT with time TL. Here T is the temperature
and kB is the Boltzmann constant. The equilibrium elec-
tron polarization PeT = −(S + 1)µBgeB/3kBT is much
smaller than PT since spin S = 1/2 and Lande factor
ge = −0.42 of the electron are significantly smaller than
those for Mn2+. The steady state solution of Eq. (2)
neglecting PeT gives
PM = PT +
TL
TL + TM
I + 1
S + 1
Pe. (3)
Here the first term corresponds to the equilibrium ori-
entation resulting from thermalization on the Zeeman
sublevels (i.e. PT = PB), while the second term is the
dynamical polarization POO by electrons. The electron
0 1 2 3
-0.8
-0.6
-0.4
-0.2
0.0
-4 -2 0 2 4 6 8
0
100
200
300
400
500
600
σ
−/σ−
+2
+1
-2
 
 
In
te
ns
ity
 
(ar
b.
 
u
n
its
)
Raman shift (cm-1)
-1
σ
+/σ+
La
se
r
(a)
0 2 4
0
2
4
6
8
10
n=1
R
a
m
a
n
 
sh
ift
 
(cm
-
1 )
B (T)
n=2
0.0
0.2
0.4
0.6
0.8
 
1
1
2
2
σ
+/σ+
σ
−/σ−
 
 
SA
S 
a
ss
ym
e
try
,
 
η n
σ (b)
 
 
Po
la
riz
a
tio
n
s 
P O
O
 
,
 
P B
Magnetic field (T)
 POO
 PB
(c)
FIG. 1: (a) SFRS spectra at B = 2 T for a bath tem-
perature 2 K. The numbers next to the lines indicate the
n with positive sign (+) for Stokes and negative (−) for
anti-Stokes components. Inset shows the fan charts of the
lines. (b) Magnetic field dependence of SAS asymmetry
ησn after Eq. (1). Solid stars (open circles) correspond to
n = 1 (n = 2). (c) Polarizations POO (solid triangles) and
PB (open squares) extracted from η
σ
n and averaged over
n. Solid circles give Mn polarization deduced from TRPL
[see also Fig. 2(c)]. POO is given for σ
+ excitation. Solid
line is a guide to the eye. Dashed line is a fit of PB with
Brillouin function for I = 5/2 and T = 4.4 K.
polarization is determined by the laser helicity. A polar-
ization |Pe| = 0.36 was directly measured by optical ori-
entation at the band edge under the same experimental
conditions. Therefore, Eq. (3) can be used for evaluating
the time ratio TM/TL and the actual temperature T in
the region of illumination. Using the experimental value
POO = −0.25 we obtain TM/TL = 2 and µBgB/T = 0.35
(for B = 1 T). This corresponds to T = 4 K, i.e. the real
temperature under illumination is increased by 2 K. The
same value for T follows from the magnetic field depen-
dence of PB when fitted with a Brillouin function, see
Fig. 1(c).
Electron spin-flip scattering with Mn2+ ions should
also manifest itself in the dynamics of the average elec-
tron spin. Indeed, since the Mn polarization will be
transferred back into the electron spin-system, the av-
erage electron spin should contain information about the
Mn polarization. In absence of other relaxation chan-
nels the dynamics of electron polarization is given by an
expression similar to the TM -term in Eq. (2)
dPe
dt
= −
1
τS
[
Pe − PeT −
S + 1
I + 1
(PM − PT )
]
, (4)
since it reflects the conservation of total spin in the flip-
flop process. The electron spin relaxation time τS de-
pends on the Mn2+ concentration NM and time TM
through τS =
S(S+1)
I(I+1)
Ne
NM
TM . For small photoelectron
concentrations Ne ≪ NM the electron spin relaxation
time is much shorter than that of manganese, i.e. τS ≪
3TM (a similar relation holds for the electron-nuclear sys-
tem). From TRPL τS ∼ 10 ns and, therefore, one
can estimate TM ∼ 10 µs for Ne = 10
14 cm−3, and
NM ∼ ND ∼ 10
16 cm−3. Under pulsed photoexcita-
tion with repetition period ti (which satisfies the condi-
tion TM ≫ ti ≫ τS), the manganese spin polarization is
gradually accumulated and shows no change within time
ti. Therefore, in weak magnetic fields (|PT | ≪ 1) the
solution of Eq. (4) in a time domain ti can be written as
Pe(t) =
I + 1
S + 1
PM +
[
Pi −
I + 1
S + 1
PM
]
exp
(
−
t
τS
)
. (5)
At the moment of pulsed excitation t = 0 the maxi-
mum possible electron polarization Pi = −0.5 is gen-
erated [11]. Subsequently it decays with a characteristic
time τS until it reaches the plateau, which corresponds
to the steady state non-equilibrium manganese polariza-
tion. The plateau results from the spin back flow from
manganese to the electrons, providing a long-lived elec-
tron spin memory.
In previous TRPL measurements in weak longitudi-
nal magnetic fields we already observed a slow spin re-
laxation dynamics (up to 1 µs) of electrons localized
on shallow donors in GaAs:Mn [4]. However, the small
signal-to-noise ratio in these studies did not allow us to
draw an unambiguous conclusion on the non-exponential
spin evolution. Large power densities induce undesired
local heating. Therefore, we increased the setup sen-
sitivity by enlarging the illumination area by a factor
of 400, while keeping the pulse energy density low at
Pexc ≈ 10 nJ/cm
2. The intensity transient of the donor-
acceptor (D0 −A0) PL line is shown in Fig. 2(a), showing
a decay with 100 ns lifetime.
The decay of circular polarization degree ρc(B, t) =
−Pe(B, t)/2 gives direct access to the spin dynamics of
the oriented electrons. Figure 2(b) shows a nontrivial
electron spin dynamics [16]. We find an initial electron
spin |Pe(0)| = 0.4, which is close to the maximum value
of 0.5. After decay within several tens of ns the electron
spin polarization reaches a plateau, whose level increases
with magnetic field and reaches 0.35 for B = 156 mT.
Using Eq. (5) we determine the magnetic field dependen-
cies of τS and PM , as presented in Fig. 2(c). The electron
spin relaxation time increases from 20 to 100 ns in a mag-
netic field of 150 mT. The plateau values corresponding
to PM are symmetric with respect to magnetic field in-
version and they change sign if the excitation helicity
sign is reversed (i.e., they follow the electron spin polar-
ization). This corroborates our conclusion about optical
orientation of manganese. The manganese orientation is
absent in zero magnetic field, in accord with [4], how-
ever, it appears in weak magnetic fields and saturates for
B > 150 mT in line with the POO behavior from SFRS,
see Fig. 1(c).
We can exclude any influence of dynamical polarization
of lattice nuclei since nuclear polarization should appear
in much smaller magnetic fields B ≥ BL ≈ 0.3 mT, where
BL is the local field onto a nucleus by the neighboring
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FIG. 2: (a) Intensity decay of the D0 − A0 PL line. (b)
Time evolution of normalized electron polarization for
different longitudinal magnetic fields. Solid lines are fits
by Eq. (5). (c) Magnetic field dependencies of manganese
polarization PM and electron spin relaxation time τS ,
evaluated from Pe(t) transients using Eq. (5). Pulse rep-
etition period ti = 1.2 µs.
nuclei [11]. Moreover, we do not observe any plateau
in p-GaAs samples doped with non-magnetic Ge accep-
tors [4]. Thus, the plateau evidences manganese dynamic
polarization in weak longitudinal magnetic fields, which
suppress Mn2+ spin relaxation.
Above we discussed the spin transfer between the lo-
calized electrons and the Mn2+ ions. This transfer oc-
curs due to fluctuations of the exchange interaction given
by the Hamiltonian Hˆesd = −bSˆ · Iˆ. Here Sˆ and Iˆ are
the electron and manganese spin operators, respectively,
and b is a constant depending on the electron proba-
bility at the Mn2+ site. Apart from the fluctuation
term the exchange interaction in mean-field approxima-
tion contains an expression like −〈b〉IPM ·Sˆ−〈b〉fSPe · Iˆ,
where the exchange constant 〈b〉 is the average electron
probability at the Mn2+ site and f is the donor filling
factor. The first term describes the interaction of the
electron spin with the effective exchange field of man-
ganese BM = −〈b〉IPM/µBge (analogue of the Over-
hauser field). The second term corresponds to interac-
tion of manganese spins with the effective field of the
electrons Be = −f〈b〉SPe/µBg (analogue of the Knight
field). For small excitation densities f ≪ 1, and as a
result BM ≫ Be.
The presence of the exchange manganese field can be
detected via changes in the electron Larmor precession
frequency in an external magnetic field. Since manganese
polarization is absent in Voigt geometry [4] it is neces-
sary to perform this experiment in oblique magnetic field
for σ+ and σ− polarized excitation. These data are sum-
marized in Fig. 3. Figure 3(a) shows the oscillations of
the circular polarization degree of the PL in time for the
two opposite helicities (B = 55 mT applied at an an-
gle α ≈ 70◦ with respect to the light propagation direc-
tion). Indeed we see that the Larmor frequencies Ω± cor-
responding to electron spin precession with ge = −0.42
are different (Ω−−Ω+ = 0.11 ns
−1). Based on this differ-
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FIG. 3: (a) Circular polarization oscillations in oblique
magnetic field (B = 55 mT) for excitation with σ+ and
σ− polarized photons. α = 70◦. Inset schematically
shows the electron spin precession in external and ex-
change fields. (b) Magnetic field dependence of electron
polarization plateau P ple and effective exchange magnetic
field BM .
ence we can plot the dependence of the effective magnetic
field BM = ~(Ω−−Ω+)/2µBge on external magnetic field
B, as shown in Fig. 3(b). The clear correlation between
the magnetic field dependencies of BM and the plateau
value P ple indicates their common origin: both are pro-
portional to the non-equilibrium manganese polarization
PM .
One can also estimate the exchange constant 〈b〉. We
note that in oblique magnetic fields no oscillations with
the Mn2+ g factor are observed. This indicates that the
manganese orientation is parallel to the direction of the
external magnetic field B, i.e. effective optical pump-
ing occurs only for the spin component along B. There-
fore, the polarization PM (α) = PM (α = 0) cos(α). Then
in the oblique geometry the field BM = −〈b〉IPM (α =
0) cos(α)/µBge. Simultaneously from Eq. (5) we have for
the plateau P ple =
I+1
S+1PM (α = 0). The ratio of BM/P
pl
e
from Fig. 3(b) allows one to derive 〈b〉 = 0.5 µeV. This
is in agreement with the value of b0 = 2.4 µeV for Mn
2+
in the center of the donor, giving an upper limit for 〈b〉
[8].
In conclusion, we have demonstrated optical orienta-
tion of Mn2+ acceptors in GaAs using two optical tech-
niques. Dynamic manganese polarization is established
in weak longitudinal magnetic fields (B ≤ 100 mT),
which are required to suppress the Mn2+ spin relaxation.
The optically oriented Mn2+ ions maintain the spin and
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FIG. 4: Raman scattering of circular polarized light ac-
companied by spin flip of Mn2+ in longitudinal magnetic
field.
return part of the polarization back to the electron spin
system providing a long-lived electron spin memory.
The authors are grateful to K. V. Kavokin for useful
discussions. This work was supported by the Deutsche
Forschungsgemeinschaft (Grant No. 436RUS113/958/0-
1) and the Russian Foundation for Basic Research.
Appendix A: Derivation of Equation (1)
Raman scattering of circular polarized light accompa-
nied by spin flip of Mn2+ in longitudinal magnetic field
(Faraday geometry) is shown in Fig. 4. In the initial
state |σ1ω1〉 the photon with circular polarization |σ1〉
and energy quant ~ω1 propagates along the magnetic
field B. There is Mn2+ ion in a quantum state |M〉
with a given spin projection M = −5/2 . . . + 5/2 on
B direction and Zeeman energy EM = +µBgBM (Bohr
magneton µB > 0, g-factor g = 2.0). In the intermedi-
ate state there is an exciton |X〉, which due to exchange
interaction transfers the manganese from state |M〉 into
|M ′ = M ± n〉 , while changing its state into |X ′〉. In
the final state |σ2ω2〉 the photon with circular polariza-
tion |σ2〉 and energy quant ~ω2 = ~ω1+ µBgB(M −M
′)
propagating along the direction B is registered. In case
if the manganese projection is increased (decreased) by n
the photon energy decreases (increases) by n ·µBgB with
respect to initial energy value, leading to the frequency
shift of the scattered light in Stokes (anti-Stokes) region.
The number of light scattering events (in time per unit
volume) in the direction parallel to the magnetic field
from the initial into the final state is given by the prob-
ability of scattering Wσ1ω1M→σ2ω2M ′ from |σ1ω1M〉 into
|σ2ω2M
′〉 and the initial manganese states |M〉 distribu-
tion function Nσ1M (B) in magnetic field under excitation
5with |σ1〉 polarized light.
I =Wσ1ω1M→σ2ω2M ′N
σ1
M (B). (A1)
The dependence of Nσ1M (B) from excitation light helicity
|σ1〉 is especially important. It takes into account possi-
ble optical orientation of manganese ions. Since the spin-
flip is detected at the energy µBgB · |M
′−M | in the final
state of the crystal there is only manganese spin, which is
flipped, while all other lattice variables are fixed. There-
fore the probabilities for back and forward transitions are
equal to each other
Wσ1ω1M→σ2ω2M ′ =Wσ2ω2M ′→σ1ω1M . (A2)
If the spectral width of spin-flip resonance profile is larger
than the Zeeman splitting of manganese spin sublevels,
then the transition probability weakly depends on the
light frequency ω1(ω2). Such kind of situation is real-
ized in GaAs:Mn with NMn ∼ 10
17 cm−3. Therefore we
assume that ω1 = ω2 = ω in Eq. (A2) and leave index ω.
Let us show that for identical polarizer and ana-
lyzer positions (σ1 = σ2 ≡ σ) the asymmetry param-
eter ησn does not depend on exact form of probabilities
WσM→σM ′ ≡WM,M ′ =WM ′,M for small manganese po-
larization PM (σ,B) =
1
I
∑+5/2
M=−5/2M · N
σ
M (B). In this
case the detected signal corresponds to the emission of ex-
citons, which do not change their spin polarization in the
scattering process. We consider the spin-flip process of n-
th order whenM ′ =M±n, where 1 ≤ n ≤ 2I = 5. Then
the intensity of transitions in Stokes range (M ′ =M+n,
photon energy shift to lower energies by n · µBgB) for
polarizer and analyzer with polarization σ
ISnσ =
+5/2∑
M=−5/2
WM,M+nN
σ
M (B). (A3)
In the same way the intensity of transitions in anti-Stokes
range (M ′ =M − n, photon energy shift to higher ener-
gies by n · µBgB)
IASnσ =
+5/2∑
M=−5/2
WM,M−nN
σ
M (B). (A4)
We assume that the manganese spin sublevels distribu-
tion function
NσM (B) =
1
2I + 1
[
1 +
3M
I + 1
PM (σ,B)
]
(A5)
is defined only by polarization. It may take place when
the manganese spin system is mainly disordered, i.e.
PM ≪ 1 , while the alignment parameters of higher or-
der are negligible. The equation (1) follows from Eqs.
(A2-A5) and the following relations
+ 5
2∑
M=− 5
2
WM,M−n =
+ 5
2∑
M=− 5
2
WM−n,M =
=
+ 5
2
−n∑
M ′=− 5
2
−n
WM ′,M ′+n =
=
+ 5
2
−n∑
M=− 5
2
WM,M+n =
+ 5
2∑
M=− 5
2
WM,M+n
and
+ 5
2∑
M=− 5
2
M ·WM,M−n =
+ 5
2∑
M=− 5
2
M ·WM−n,M =
=
+ 5
2
−n∑
M ′=− 5
2
−n
(M ′ + n) ·WM ′,M ′+n =
=
+ 5
2∑
M=− 5
2
(M + n) ·WM,M+n.
Here we take into account that WM,M ′ = 0 if one of
the indexes M(M ′) is out of the [−5/2,+5/2] range and
WM,M+n =WM+n,M ,WM,M−n =WM−n,M .
It follows that the Eq. (1) does not contain probability
WM,M ′ . It is also seen that the asymmetry parameter
is proportional to the scattering order n. The Eq. (1) is
deduced for the identical positions of polarizer and ana-
lyzer. In case if they are crossed the probabilities of the
transitions become important and the difference in in-
tensities of Stokes and anti-Stokes components may take
place even without manganese polarization. For exam-
ple, σ+-photon creates the exciton with momentum pro-
jection m = +1 and after interaction with manganese it
transforms into the state with m = −1 and subsequently
emits a σ−-photon. Simultaneously the manganese mo-
mentum projection increases by 2 so that photon fre-
quency is shifted into the Stokes region. The anti-Stokes
component for such scattering process does not exist at
all. However this is related to selection rules and not to
manganese polarization. In order to find the manganese
polarization in case of crossed polarizer and analyzer it is
necessary to compare the intensity of Stokes component
in σ/σ¯ configuration with the intensity of anti-Stokes
component in the opposite σ¯/σ configuration, which is
not always convenient from experimental point of view.
We emphasize that for n > 1 the Eq. (1) is valid only
for a spin-flip of single manganese. It is not valid if there
are two ions in the exciton localization region and each
of these ions flips its spin resulting in the total projection
change of n. Therefore the sample should be doped in
a such way that the average number of Mn2+ (I = 5/2)
ions in the exciton localization volume is below 1. This
corresponds to the case of GaAs doped with Mn. The
6main part of manganese are bound with the holes form-
ing the neutral magnetic acceptor with the total spin
F = 1. Due to the partial compensation of the acceptors
with shallow donors (ND ∼ 10
16 cm−3) the number of
ionized acceptors (without the hole) is comparable with
ND. In this case the number of ions in the region of exci-
ton localization (Bohr radius aX = 12 nm) is not larger
than 1 because the parameter 4pi3 NDa
3
X ≤ 0.1. Note that
the mentioned condition can be violated for the spin flip
of magnetic acceptors (F = 1), which have significantly
larger concentration ofNA0 = 8·10
17 cm−3 in the studied
samples. In exciton localization volume there there are
2-3 of such acceptors, which allows the combined spin-flip
processes.
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